ABSTRACT To accurately reflect the physical properties of the reservoir, it is necessary to use a variety of techniques to evaluate the reservoir, due to the complexity of the reservoir. In this paper, the oil is dripped into the rock to simulate the reservoir, and the transmission properties of the terahertz (THz) wave in the reservoir were studied. The extinction coefficient of rock was a key parameter for comprehending the properties of mineral and organic matter. The higher the frequency was, the larger the extinction coefficient was. The extinction coefficient was composed of the absorption and the scattering, which the latter played a more important role. The results revealed the transmission properties of the THz wave in rock, which can help in improving the efficiency of terahertz time domain spectroscopy (THz-TDS) and enriching the method of oil field exploration.
I. INTRODUCTION
With the development of oil and gas resources, reservoir physical properties have been changed significantly compared with the initial stage. As the formation pressure decreased, reservoir development became more difficult, and reservoir water injection development has become a routine method. These development methods were responsible for the changes in the physical properties of the reservoir. Therefore, the evaluation of reservoirs using a variety of techniques was extremely necessary for the development of oil fields. As an optical technology, terahertz time domain spectroscopy (THz-TDS) had strong applicability in the development of oil field due to its non-destructive testing and strong interaction with organic matter. Compared to other methods, THz-TDS can provide abundant information on the intermolecular and intramolecular vibration modes.
THz technology has been widely used in many fields, such as petroleum field, medical diagnostics, security inspection
The associate editor coordinating the review of this article and approving it for publication was Lei Wu. and illegal drug detection [1] - [5] . In the oil field, oil from different regions can be classified by THz-TDS [6] - [8] . A model between THz parameters and oil in different regions was established by combining THz parameter spectra (including refractive index and absorption coefficient) and multivariate statistical methods (including cluster analysis (CA) and principal component analysis (PCA)).
Rocks can be divided into many categories according to lithology, which is an important factor in determining the physical properties of rocks. These properties determine the oil storage capacity of rocks. For rocks, the absorption coefficients of different lithologies were different in THz range, and the oil content in the pores was positively related to the absorption of the terahertz wave. The denser the pores were, the more obvious the scattering effect appeared [9] .
When the THz wave irradiated to the mineral particles, the THz wave will scatter on its surface due to the irregular shape of the mineral particles, which results in a decrease in the peak amplitude and an increase in the delay time of the THz-TDS [10] . For oil-free rocks, when the THz wave irradiated to the pores between the mineral particles, different effects occur in the pores depending on the pore size: a) the pore size is larger than the wavelength of the THz wave, and the THz wave scatters multiple times at the bottom of the pore; b). The pore size is approximately or less than the wavelength of the THz wave, and diffraction effects occur. Both a and b cause the attenuation of peak amplitude and the increase of delay time [11] - [13] . For oil-bearing rocks, the oil penetrates into the depression of the rock surface and the rock surface is relatively flat, thus there are less scattering and diffraction effects. The THz wave mainly interacts with the organic matter in the oil. The vibrations and rotational transitions of most organic matter and bio-macromolecules address in the THz range [14] . The interaction between the THz wave and the organic matter causes the peak amplitude to decrease and the delay time to increase. In this research, due to the complexity of natural rocks, artificial rocks with known physical parameters were used as experimental samples to study the transmission properties of THz waves in rocks. Different areas of the artificial rock were tested using THz-TDS. The physical properties of reservoir play a vital role in the exploration and development of reservoirs [15] , [16] . This research can help in expanding the scope of application of THz-TDS and enriching the method of oil field exploration.
II. EXPERIMENTAL METHODS
In this experiment, the artificial rock was made by cementing quartz under laboratory conditions. The parameters of rock were diameter 30 mm, height 60 mm, porosity 37.02%, and permeability 13.711 mD. The rock cutting with diameter of 25 mm and thickness of about 2 mm was placed on a horizontal table, and 0.5 ml oil was dropped vertically at the center of the cutting. The cutting was allowed to stand for 24 hours to ensure that the oil completely penetrated the pores. After two infiltration operations, nine positions on the cutting were selected for the THz-TDS measurement. As shown in Fig. 1, position 3 was located at the center of the cutting, which had the highest oil content; positions 2, 4, 7, and 8 had less oil than position 3; positions 1, 5, 6, and 9 were substantially free of oil. It can be seen from scanning electron microscope (SEM) image that large size pores distributed uniformly in the rock cuttings. All tests were carried out in air at 21 • C.
III. RESULTS AND DISCUSSION
The cutting can be divided into three parts: oil-free regions, low oil region and high oil region. Therefore, nine test points were selected. The THz-TDS at 9 points on the cutting was shown in Fig. 2 (a) and (b) . The horizontal axis represents the time when the THz wave reaches the receiver through the measurement point, and the vertical axis represents the signal amplitude of received THz wave. In the TDS, the peak amplitudes of all measurement points and their corresponding times were different, indicating that the THz wave have a different transmission properties when they penetrate each regions of the cutting. Here, the peak amplitude of each measurement point and its corresponding time were extracted and recorded as (τ , Ep) in Fig. 3 .
As displayed in Fig. 3 Ep and τ decreased along the radial direction (3>2>1; 3>7>6; 3>4>5; 3>8>9). This result was probably caused by the migration of oil in the cutting. There were many micro pores that connect to each other inside the rock cutting [17] - [19] . When the oil was dripped on the center of the cutting for the first time, the oil permeated along the paths between the pores by gravity and liquid surface tension. The larger the pore size was, the smaller the resistance encountered during the infiltration process, and the more the oil penetrated into the pores. When the oil was dripped on the center of the cutting at the second time, the oil in the pores near the center position was displaced into the adjacent pores along the radial direction by gravity and concentration difference. Under this displacement, the pores at the central position contained a large amount of oil, and the oil content of the outer pores decreased radially. Based on the above analysis that the migration law of oil in the cutting was consistent with the variation law of each parameter in Fig. 3 , a schematic diagram of the transmission process of THz waves in cutting was sketch in Fig. 4 .
When THz wave irradiated to the oil-free regions in Fig. 5(a) , if the wavelength of the THz wave was larger than the size of pores, diffraction effects occur inside the pores. THz wave diffuse at the bottom of the pores. A large number of THz wave was scattered and absorbed on the surface of the mineral particles at the bottom of the pores; a small amount of THz wave pass through the first pore to the next pore until the cutting was penetrated. Multiple times scattering, diffraction and absorption were involved before the THz wave pass through the cutting [20] . This will result in a decrease in peak amplitude and an increase in delay time. In addition, scattering occurs due to uneven surface of the rock particles. Therefore, the peak amplitude greatly attenuated and the delay time increased compared to the reference signal after the THz wave passes through the oil-free region. [21] , [22] . For oil-bearing regions in Fig. 5(b) and (c) , the depressions on the surface of the cutting and the pores were filled with oil. As the oil content increased, the intensity of absorption effects increased, meanwhile the surface of the cutting gradually becomes flat and the intensity of scattering effects decreased [23] . Therefore, after the THz wave passes through the cutting, THz signal was deeply affected by the scattering effect and the absorption effect.
According to the above analysis, the extinction coefficient of cutting consists of the absorption coefficient and the scattering coefficient [24] . The calculated extinction coefficient of selected regions was shown in Fig. 6 . Due to no oil in point 1 there was little absorption on organic matter and scattering played a dominant role with the extinction coefficient of 6.54 cm-1. For point 2, there was a small amount of oil in this region, so there was a speck of absorption on organic matter, and scattering was reduced as well as the extinction coefficient dropped to 4.91 cm-1. The position 3 was full of oil and the surface of the cutting was flat, so the absorption was dominant and there was almost no scattering in this region with the minimum extinction coefficient of 4.48 cm-1. Therefore, the attenuation of THz wave during the transmission in cuttings was mainly caused by absorption and scattering, while scattering was the major factor and absorption inhibited scattering. As the frequency was higher than 1.1 THz, the extinction coefficient had a strong classical scattering resonance, as shown on the right side of the dotted line in Fig. 6 .
IV. CONCLUSION
In summary, the transmission properties of THz wave in rock cutting were studied using THz-TDS technology in this research. The two parameters, τ and Ep, were extracted from the THz-TDS of each measurement point, and analyzed combining the oil content of each measurement point. According to the test results, the extinction coefficient increased with the increasing frequency. The extinction coefficient was primarily composed of the absorption coefficient and the scattering coefficient, which scattering was the major factor. These results were not only important for the improvement and development of THz-TDS technology, but also play an auxiliary role in the oil field exploration.
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